with wound healing is not well described. The review that the International Working Group on the Diabetic Foot Guidance on prognosis is based on is a through and well performed systematic review. 9 However the focus of the review is not on methods of assessing the microcirculation and while the discussion and conclusion consider TcPO 2 the results that this conclusion is based on are not covered in the results. There is also no consideration of comparison to patients without DM or the role of repeated measures. The aim of this review was to examine the current evidence available on the relationship between the microcirculation in the ulcerated diabetic foot and wound healing. Specifically the ability to predict healing, how the results for those with DM compare to those without and how the results vary when repeated measurements are taken.
Methods
A search of the Medline, Embase, and Web of Science databases was performed. The search strategy consisted of the Medical Subject Headings (MESH) "microcirculation," "wound healing," "diabetic foot," "skin ulcer," "laser Doppler flowmetry," "blood gas monitoring, transcutaneous," "microscopic angioscopy," "xenon radioisotopes." In addition a key word search was performed. The terms used can be found in the appendix. Non-English-language and nonhuman studies were excluded, the date range for the search was 1946 to February 2015. Final inclusion in the review was dependant on meeting the criteria set out in Table 1 ; no limits were applied to length of follow-up or number of patients included.
One reviewer (DL) performed the search, reviewed abstracts and selected studies for inclusion. Any areas of uncertainty were reviewed by the senior author (AT) to provide a second opinion. The original intention was to perform a meta-analysis however there were insufficient numbers of high quality studies to be able to continue this plan and so a more descriptive approach was taken to reporting the data.
Results
Two hundred eighty-seven articles were identified after searching the databases. Full text was obtained for all abstracts that met the inclusion criteria and all relevant data was extracted. After this assessment and review of references 19 studies were included in the final review ( Figure 1) . [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The date of publication ranged from 1985 to 2014, 2 studies were randomized controlled trials (RCTs), there were 3 pseudoRCTs and the rest were observational studies (Table 2) . Not all studies included all the comparisons considered below and some studies used more than 1 method to assess the microcirculation.
Using the Microcirculation to Predict Healing
Twelve studies out of 19 compared the microcirculation in patients with diabetes who healed to those who did not heal. [10] [11] [12] 15, [18] [19] [20] [21] 24, [26] [27] [28] Ten of these studies employed TcPO 19 and 1 used isotope washout to measure skin perfusion pressure (SPP). 10 These were all observational studies apart from 1 which randomized the first 14 of its participants but not the final 24. 20 For 7 of the studies the participants received only standard therapy. [10] [11] [12] 15, 26, 27 Two studies examined the effects of HBO therapy: Kalani et al had 2 cohorts, 1 of which received standard therapy and the other which received HBO. The healed and unhealed groups in this study are made up of participants from either cohort. 20 Fife et al performed a retrospective study of 1144 patients who received HBO therapy. 18 Klingel et al reported the results of a very small pilot study (8 patients) all of whom received rheopheresis. 21 Two studies treated their participants with dermal replacement therapy (Ichioka et al, bone marrow impregnated collagen; Newton et al, collagen containing glycosaminoglycans). 19, 24 Five studies only investigated patients with both diabetes and ischemia, 11, 15, 18, 20, 21 3 studies excluded those with ischemia, 12, 19, 24 59 ± 16 mmHg compared to those who did not heal whose mean SPP was 35 ± 11 (P < .001). 10 Yotsu et al in 2014 employed LDF instead of isotope washout to measure SPP on diabetic ulcers divided into the groups described above. They found that neuropathic ulcers had a higher SPP than both ischemic and neuro-ischemic ulcers, 65 ± 13.6 mmHg, 27 ± 14.1 mmHg and 34 ± 23.2 mmHg respectively (P < .001). However there was no significant difference between the healed and unhealed ulcers in each group (Table 4) . 28 Laser Doppler. Karanfilian et al was the only article to use laser Doppler fluxmetry to compare between healed and unhealed patients. They demonstrated significantly higher skin blood flow velocity (LD-SBFV) and pulse wave amplitude (LD-PWA) results between those who healed and those who did not in both their study groups (Table 5 ).
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Prediction of healing. Three studies reported the accuracy of cut-off values for healing. 10, 15, 18 Faris and Duncan found a SPP of less than 40 mmHg was an indicator of poor healing (sensitivity of 97%, specificity 80%, positive predictive value (PPV) 87% and negative predictive value (NPV) 95%). 10 Kalani et al used a cutoff of 25 mmHg for TcPO 2 and 30 mmHg for toe blood pressure (TBP) using LDF. For TcPO 2 the sensitivity was 85%, specificity 92%, PPV 79% and NPV 94%. For TBP the sensitivity was 15%, specificity 97%, PPV 67% and NPV 77%. 15 Fife et al tested multiple potential cut-offs for sea level TcPO 2 as a predictor of failure of hyperbaric therapy. They found that 25 mmHg was the best cutoff with a 2.5 times greater chance of success. However the accuracy was still relatively poor with sensitivity of 67%, specificity 50%, PPV 35% and NPV 79%. 18 
Diabetes Compared to No Diabetes
Two out of 19 studies compared subjects both with DM and without DM. 11, 14 Both of these articles used TcPO 2 to make their comparisons, in addition Karanfilian et al employed LDF. 11 Padberg et al reported the predictive accuracy for healing of TcPO 2 in critically ischemic wounds. In all, 204 wounds were stratified depending on the presence of DM, dialysis dependant chronic renal failure or neither disease. Probability of healing curves for each group were plotted and compared using multiple logistic regression. TcPO 2 in DM patients had a predictive accuracy, sensitivity and specificity of 81%, for chronic renal failure these figures were 77%, 73%, and 82% respectively, and for neither disease 84%, 86%, and 82%.
14 Only 1 study identified compared the mean results of microcirculatory tests for patients with diabetes and those without. 11 The patients were all men with ulceration to the foot (34 with diabetes, 22 without). One-off measurements of TcPO 2 and LDF (LD-SBFV and LD-PWA) and follow-up of at least 30 days was performed. The results are presented in Table 5 . Patients without diabetes who did not heal had a lower TcPO 2 , LD-SBFV, and LD-PWA than patients with diabetes who did not heal. In the healed groups for the patients without diabetes the TcPO 2 was higher than the patients with diabetes. However the LD-SBFV and LD-PWA were lower in the group without diabetes. The authors have not reported whether these differences are statistically significant. 11 
Multiple Measurements During Observation Period
Eight out of 19 studies reported the results of more than 1 measurement on the same group of patients. 13, 16, 19, [21] [22] [23] [24] [25] One study detected no change, 2 noted a decrease in reading, a further 2 noted an increase, and 3 noted a pattern of increasing then decreasing. Jorneskog et al used LDF and capillary microscopy to examine 10 patients with diabetes who received low molecular weight heparin for a period of 8 weeks. Measurements of the microcirculation (postocclusive reactive hyperemia (PORH), structural appearance of capillaries in the forefoot and toes) were undertaken 1-2 weeks prior to receiving heparin, after 4-7 weeks of treatment and 2 weeks after treatment was stopped. They found that there was no significant change in any of the laser Doppler parameters during or after treatment. It was however noted that 6 patients who had improved healing also had an improvement in their capillary stage, 3 others also improved clinically but 1 had no change in their capillaries, 1 initially improved but then deteriorated again, and in 1 it was not possible to determine their capillary stage. One patient deteriorated both clinically and on microscopic examination. Petrofsky et al published on electronic stimulation (ES) for diabetic foot ulcers in both 2007 and 2010. 22, 25 In 2007 the study groups were 10 patients who received global heating and ES, 9 who received local heating and ES, and 10 patients who received conventional therapy only. The measure of the microcirculation was blood flow using LDI (measured in arbitrary unit flux). The control group did not undergo LDI measurement, only wound area was measured. In 2010 the aim of the study was to examine the role that heating had compared to ES and heating. Ten patients received local heating only and a further 10 local heating and ES. The treatment period for both studies was 4 weeks. In both studies the blood flow around and in the ulcer had decreased by the end of the study. In the 2007 study the mean blood flow at baseline was reported for 1 cm from the ulcer (182.3 ± 26.1 increasing to 245.0 ± 28.5 with ES) and the edge of the ulcer (223.4 ± 34.1 increasing to 301.0 ± 29.3 with ES). The result for the center of the ulcer is reported as being similar and is illustrated in a graph but the actual values are not stated. At 4 weeks only the values for the center of the ulcer are stated (228 ± 36.2 increasing to 256.7 ± 46.3 with ES). The change in blood flow before and during ES at baseline and at 4 weeks is displayed in Table 6 ; there was a significant reduction in the increase at 4 weeks (<0.01). The results for the local heating group are illustrated in a graph and stated as being similar but of a smaller magnitude to the global group but the actual mean values are not quoted. 22 In 2010 Petrofsky found that the mean resting blood flow from all 3 areas and both groups had reduced by 54.5 ± 22.3% after 4 weeks. 25 Lawson et al as described above also investigated the effect of electrical stimulation on wound healing. They measured blood flow at the center and outside of the ulcer using LDI at baseline, 2 weeks, and 4 weeks. When looking at the outside of the ulcer the prestimulation results for the DM group showed larger increase in the blood flow than for the non-DM group (DM, 0-2 weeks 35%, 0-4 weeks 21%; non-DM, 0-2 weeks 0%, 0-4 weeks 18%). However at the center of the wound the non-DM had a greater increase (DM, 0-2 weeks 8%, 0-4 weeks 5%; non-DM, 0-2 weeks 22%, 0-4 weeks 38%). The statistical significance of these results is not reported. 23 Koblik et al performed an RCT comparing optimization of insulin therapy and injection of an antithrombotic drug (sulodexide) with optimization of insulin therapy and placebo injections for 10 weeks. Measurements were taken at baseline and 8 weeks using LDF. The parameters measured were resting flux (RF), peak hyperemic flow (pLDF), time to peak hyperemic flow (tpLDF), and hyperemia duration (HD) after an occlusion of 30 seconds. These measures were repeated following a 60-second occlusion once the readings had stabilized. In the placebo group (6 patients) there was no significant change in the RF at 8 weeks (baseline: mean flux 11.6 ± standard error of mean 1.3; 8 weeks 12.3 ± 1.1. p = ns). The pLDF for both the 30-(51.7 ± 15.2 to 147.0 ± 16.2, P < .01) and 60-second occlusion (110.5 ± 13.0 to 164.8 ± 15.4, P < .01) significantly increased at 8 weeks. 16 The results from 2 studies with small numbers are presented in graphical form in Figure 2 . Newton et al's 7 ulcers all healed or showed improvement at 8 weeks. Four measurements using LDI were performed at baseline, 2, 5, and 8 weeks. Four patients had an increase in blood flow over the first few weeks followed by a decrease to below baseline at 8 weeks. One increased throughout the measurement period. One decreased at 2 weeks, increased at weeks 5 and 8 but did not return to baseline level. One decreased throughout (Figure 2a) . Those that had healed at 8 weeks, 2 increased then decreased, 1 increased throughout, and the other decreased throughout.
19 Of Klingel's 8 patients who received rheopheresis, 5 underwent TcPO 2 at baseline, 12, and 24 weeks and 3 underwent TcPO 2 at baseline and 12 weeks (due to minor amputation in 1 patient and major amputation in 2). Of the 4 patients who showed an improvement in their ulcer 2 had an increase in blood flow followed by a decrease, the other 2 increased throughout. In the patients whose ulcers were unchanged 1 increased TcPO 2 at 12 weeks, the other increased at both 12 and 24 weeks. Of the 2 patients who deteriorated, 1 had a small increase at 12 weeks and the other had a small decrease (Figure 2b ). (mmHg) 30 ± 4.0 7 ± 2.5* 42 ± 3.5 2 ± 1.6* LD-SBFV (mV) 98 ± 13.0 50 ± 8.0* 88 ± 15.0 37 ± 2.0* LD-PWA (mV) 14 ± 3.0 4 ± 0.5* 8 ± 1.4 2 ± 0.3*
21
Values are mean ± SE. *Significant difference between healed and unhealed groups (P < .05).
Ichioka et al in their DM subgroup showed, in graphical form, a trend of increasing TcPO 2 in the healed group and a decrease at 4 days in the unhealed group. The mean TcPO 2 values at 4 and 14 days are not reported, however logistic regression analysis showed the results at these time point contributed significantly to the prediction of outcome (P < .001 and .002 respectively).
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Discussion
Within this group of studies the most commonly used method to assess the microcirculation was TcPO 2 (n = 12), followed by LDF (n = 7), LDI (n = 4), capillary microscopy (n = 2), and isotope washout (n = 1). These proportions are probably representative of the current state of clinical usage of these methods with TcPO 2 and LDF being the most common. Within this group of studies, a variety of methods for examining the microcirculation have been used. Some of these methods have now fallen out of favor as technology has developed less invasive methods. This includes Xe clearance and SPP using isotope washout. LDF, TcPO 2 and capillary microscopy remain in regular use. LDF is relatively underrepresented in this cohort, which is surprising considering that its utility in evaluating patients with critical limb ischemia is well-documented. [29] [30] [31] One reason for this may be the relative age of many of the studies included (only 3 since 2000 and going back as far as 1978). TcPO 2 was the most commonly used method in this review, which fits with its presence in the literature on critical limb ischemia and diabetic foot disease as a whole.
There is disagreement on how to carry out each of the methods of assessing the microcirculation, including positioning of the probes and in the case of TcPO 2 the skin temperature that recordings were made at. Probes were most commonly positioned on the dorsum of the foot, 11, 12, 15, 17, 20, 26, 27 but they are also positioned peri-wound 12, 18, 21, 24 and in 1 case it was not stated.
14 A possible explanation for Yotsu et al not detecting a significant difference is their method of measurement. 28 Multiple measurements were taken in 2 areas of the foot and the lowest result recorded. Of particular note, the contra-lateral foot was used if there was extensive ulceration, this may well have skewed their results. was most commonly measured at 44°C 12, 15, 18, 20, 21, 24 but also at 45°C 11, 14 or not stated. 17, [26] [27] [28] Due to the variety of countries and inclusion/exclusion criteria, the cohorts differed across the studies. For example, Yang et al 26 15, 26 This threshold, when looking at the collated results in the healed and unhealed groups in Table 3 , appear to hold true when considering the healed groups, all the mean results are above 25 mmHg. However it is worth observing that the mean TcPO 2 is also higher than 25 mmHg in 6 of the unhealed groups. 12, 24, 27, 28 The current consensus among experts is that patients with a SPP ≥40 mmHg, TBP ≥45 mmHg or TcPO 2 ≥25 mmHg are more likely to heal than their counterparts with poorer perfusion and that a TBP <30 mmHg or TcPO 2 <25 mmHg is an indication for urgent vascular imaging. 9, 32 This is based on a recent review examining the utility of prognostic markers in diabetic foot disease in which the authors faced similar difficulties to us in identifying studies of sufficient quality to draw conclusions from. 9 Eventually 11 studies involving 5890 patients were included however there was still significant heterogeneity and difference in the measures used. Their conclusions were based predominantly on 3 articles of acceptable rather than high quality (Quality in Prognosis Studies Tool). 10, 15, 33 Only 1 study in this current review truly compared the results of testing the microcirculation in patients with DM and those without. 11 Karanfilian et al found that the DM patients who healed had a lower TcPO 2 than non-DM patients who healed. Conversely the LDF results were higher in the DM healed group. In the unhealed groups the opposite is true. The accuracy of TcPO 2 for predicting healing is shown to be reasonable in those with DM, slightly poorer than those without DM but better than those with CRF. It is hard to explain this pattern however cohort selection may offer an explanation as the non-DM cohort had significant PVD whereas the DM cohort was made up of a mix of patients with diabetic foot disease, with and without PVD.
11
The results from the repeated measures suggest that there is a change in the microcirculation during healing but the true trend and how it relates to healing has not yet been identified.
Conclusions
Due to the heterogeneity of the cohorts and the data presented it is not possible to draw any firm conclusions from a review of the current literature. We can, however, surmise that good microcirculation associates with better wound healing. The influence of DM and associated neuropathy is not clear, and neither is the degree of improvement required to achieve healing. Studies that examine a clearly defined cohort both with and without DM are urgently required. Accurate quantitative assessment of microcirculation will greatly aid predicting feet at risk, of predicting wound healing with and without surgery, and for identifying those at greatest risk of amputation.
